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Despite substantial progress, there are still several gaps in our knowledge about the process of sex chromosome
differentiation. The degeneration of sex-specific chromosome in some species is well documented, but it is not
clear if all species follow the same evolutionary pathway. The accumulation of repetitive DNA sequences, however,
is a common feature. To better understand this involvement, fish species emerge as excellent models because they
exhibit a wide variety of sex chromosome and sex determining systems. Besides, they have much younger sex
chromosomes compared to higher vertebrates, making it possible to follow early steps of differentiation. Here, we
analyzed the arrangement of 9 repetitive DNA sequences in the W chromosomes of 2 fish species, namely Leporinus
reinhardti and Triportheus auritus, which present well-differentiated ZZ/ZW sex system, but differ in respect to the
size of the sex-specific chromosome. Both W chromosomes are almost fully heterochromatic, with accumulation of
repeated DNAs in their heterochromatic regions. We found that microsatellites have strongly accumulated on the
large W chromosome of L. reinhardti but not on the reduced-size W chromosome of T. auritus and are therefore
important players of the W chromosome expansion. The present data highlight that the evolution of the sex
chromosomes can diverge even in the same type of sex system, with and without the degeneration of the specific-sex
chromosome, being more dynamic than traditionally appreciated.
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Sex chromosomes and their differentiation are among
the most interesting topics in evolutionary genetics.
However, although evolutionary processes shaping sex
chromosomes are still not completely understood the
cessation or the partial restriction of recombination
within the sex chromosome pair is always observed. Data
from phylogenetically distinct organisms show that this
phenomenon is frequently associated with the accumula-
tion of repetitive DNAs in the sex chromosomes [1-8],
indicating that this feature is an inherent property of sex
chromosome differentiation. Repetitive DNA sequences
constitute the major fraction of eukaryote genomes and
include the tandem repeats (satellites, minisatellites, and* Correspondence: mbcioffi@ufscar.br
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reproduction in any medium, provided the ormicrosatellites) and dispersed elements (transposons and
retrotransposons) [9,10]. Repetitive DNA plays an im-
portant role on the structural and functional
organization of genomes [11,12].
Sex chromosomes of birds (ZZ/ZW) and mammals
(XX/XY) are highly differentiated, resulting from a long
evolutionary process. It is estimated, for example, that
the mammalian Y chromosome has been differentiated
more than 150 million years [13]. In turn, sex chromo-
somes of amphibian and fish have a more recent origin,
with less than 10 million years in some species [14]. This
makes fish, the oldest vertebrate group, a good model for
analyzing the evolution of sex chromosomes in verte-
brates, since this issue can be followed from the absence
of sex chromosomes to the different steps of their differ-
entiation, improving the understanding of the association
of repetitive DNA with this event.d. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
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fishes are the ZW ones. Leporinus (Anostomidae, Chara-
ciformes) represents a frequently investigated genus that
shows a conserved chromosome number (2n = 54) with a
conspicuous ZW sex chromosome system shared by sev-
eral species. The typical W chromosome is always the
largest one in the karyotype, almost fully heterochro-
matic and much bigger than the Z chromosome, repre-
senting a model of well-differentiated ZW sex systems
without degeneration of the sex-specific chromosome
[15-20]. On the other hand, Triportheus (Characidae,
Characiformes) is also a well investigated genus, in which
all species present 2n = 52 chromosomes and a ZW sex
chromosome system The size of W chromosome in Tri-
portheus is reduced compared to the Z chromosome,
representing a distinct model of a well-differentiated ZW
system with degeneration of the sex-specific chromo-
some [21-24].
In this study, we compared the degree of repetitive
DNAs accumulation on the differentiated W chromo-
somes in two ZW-fish models - Leporinus and Tri-
portheus. We found that microsatellites have strongly
accumulated on the large W chromosome of L. rein-
hardti but not on reduced-size W chromosome of T.
auritus and are therefore important players of the W
chromosome expansion.
Results
Leporinus reinhardti has a karyotype structure composed
of 2n = 54 m-sm chromosomes, with the exception of the
W chromosome, while T. auritus has 2n = 52 chromo-
somes comprising m, sm, st and a pairs (Figure 1). Both
species presented a distinct heteromorphic ZZ/ZW sex
system. In L. reinhardti, the sex specific W chromosome
is the largest one in the complement and the uniqueFigure 1 Giemsa-stained female karyotypes of Leporinus reinhardti (2n
chromosome system. The chromosomes of both species were arranged i
in boxes for the sake of clarity. Bar = 5 μm.classified as st, allowing it to be easily distinguished from
the other chromosomes of the karyotype. On the other
hand, in T. auritus the Z chromosome is the largest m in
the karyotype, while the W is also m, but smaller than
the Z (Figure 1). The W chromosomes of both species
showed a more highly distinct pattern than the Z
chromosome and all autosomal pairs concerning the
microsatellite repeats distribution (Figures 2, 3). They
are also widely heterochromatic, showing extensive
regions of C-positive heterochromatin (Figure 4).
The W chromosome of L. reinhardti differ significantly
by the strong accumulation of most microsatellite
repeats, mainly on its long arm, contrasting with the pat-
tern generally found for the autosomes (Figures 2, 4).
Microsatellites (A)30, (C)30, (CA)15, (GC)15, (TA)15,
(CAT)10, (CAG)10 showed high accumulation on the W
chromosome, with the majority of signals being accumu-
lated on its long arm. While the microsatellites (A)30,
(CA)15 and (GC)15 were also accumulated on the hetero-
chromatic subtelomeric regions of several autosomes,
the (TA)15, (CAT)10, (CAG)10 signals outside the W
chromosome were absent or only minor. On the other
hand, microsatellite (C)30 was uniformly spread along all
other chromosomes. Microsatellite (GA)15 represented
an exception, exhibiting no accumulation on the W
chromosome and being found only in telomeres. The
18S rDNA site was restricted to the terminal region of
only one autosomal pair (Figure 2).
In T. auritus, the microsatellites were also present on
the W chromosome, although in a lesser amount com-
pared to L. reinhardti (Figures 3, 4). The slight accumu-
lation on the W chromosome exhibited only (C)30. The
microsatellites (A)30, (GA)15, (GC)15 and (CAG)10 were
present only in subtelomeric heterochromatin. Microsat-
ellite (CAG)10 was strongly accumulated on one=54) and Triportheus auritus (2n = 52), both with a ZZ/ZW sex
n descending order of size and the sex chromosomes were highlighted
Figure 2 Mitotic metaphase chromosomes of Leporinus reinhardti female, with a ZZ/ZW sex chromosome system hybridized with
different repeated DNAs, including mono-, di- and trinucleotide microsatellites and an 18S rDNA gene as probes. Letters mark the W
chromosomes. Bar = 5 μm.
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rDNA FISH signals, 18S rDNA sites were present on
two autosomal pairs and on the W chromosome of T.
auritus, where a strong accumulation of this sequence
was found throughout its terminal heterochromatic re-
gion (Figure 3).
Discussion
We studied the pattern of repeated DNAs distribution in
the evolution of sex chromosomes in two fish species
with ZW sex chromosome systems. In both species, the
repetitive DNA has accumulated in the heterochromatic
regions indicating that heterochromatinization has
driven the divergence of Z and W chromosomes. We
demonstrated a stronger microsatellite accumulation on
the large W chromosome of L. reinhardti and only weak
accumulation on the smaller W chromosome of T.
auritus.
In L. reinhardti, a substantial accumulation of several
microsatellite repeats on the W chromosome contribu-
ted to its enlargement in comparison to the Z chromo-
some (Figures 2, 4). The accumulation of various typesof repetitive DNA sequences on the W chromosome of
other Leporinus species has also been documented
[25,26]. Specifically in L. elongatus, a satellite DNA fam-
ily named L6 was specific to the W chromosome [25],
and a second one, LeSpe I, was a sex-specific dispersed
repetitive element showing distinct distribution patterns
on two exclusive female chromosomes, named W1 and
W2. Therefore, it was suggested that instead of ZW sex
chromosomes, L. elongatus may have a multiple
Z1Z1Z2Z2 /Z1Z2W1W2 sex chromosome system [26].
Among Triportheus species, Z chromosome is con-
served corresponding to the biggest one in the karyotype,
while the W chromosome varies greatly between species
concerning its size, morphology, and amounts of hetero-
chromatin [24]. In T. auritus, in which the W chromo-
some is smaller than the Z chromosome, the
accumulation of microsatellites was present only in one
microsatellite class (Figures 3, 4). The unique feature of
Triportheus species W chromosomes is the presence of
18S rDNA at terminal region of the long arm [27]. Few
examples of sex chromosomes bearing rRNA genes are
known in fishes [28-31]. The redundancy of the rDNA
Figure 3 Mitotic metaphase chromosomes of Triportheus auritus female, with a ZZ/ZW sex chromosome system hybridized with
different repeated DNAs, including mono-, di- and trinucleotide microsatellites, and an 18S rRNA gene as probes. Letters mark the W
chromosomes. Bar = 5 μm.
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susceptible to unequal crossing-over. In salmonid fishes,
for example, an important role was suggested for the
rDNA loci on the putative sex chromosomes of this spe-
cies that might have limited the opportunity for add-
itional recombination near a major sex-determining
locus [28]. As the occurrence of 18S rDNA is a common
feature for the W chromosomes in Triportheus speciesFigure 4 W chromosomes of Leporinus reinhardti (L) and Triporteus au
sequences. Note the huge accumulation of several classes of microsatellite
auritus.[27], a possible role for the repetitive DNAs associated
with the rDNA, or even for the proper rDNA multicopy,
in the differentiation of the W chromosome in this fish
group could not be excluded.
In fact, variation in the amount of several types of re-
petitive DNA is associated with the genomic diversity
and sex chromosome evolution of many fish species. For
example, the Neotropical fish Hoplias malabaricus hasritus (T) after C-banding and FISH with various repetitive DNA
s in L. reinhardti and the lesser amount of this accumulation in T.
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evolutionary stages of sex chromosome differentiation
found among its populations. In some populations of this
species, a well-differentiated XX/XY sex chromosome
system can be found in which the X chromosome clearly
differs from the Y by the accumulation of DNA repeats
[30,31]. At least 15 distinct repetitive DNA classes (in-
cluding satellites, TEs, and microsatellites repeats) accu-
mulated in the heterochromatic region of the X
chromosome. Remarkably, in this case the X chromo-
some was the preferred site for the accumulation of the
repeats, representing an unusual example of an X
chromosome accumulating more repetitive DNA than
the Y [31]. Studies conducted in phylogenetically distant
organisms, such as the lizard Eremias velox (ZW system)
and the plant Silene latifolia (XY system) showed exten-
sive accumulation of several microsatellite sequences
over the whole length or parts of the W and Y chromo-
somes, respectively. Accumulation of different microsa-
tellites occurring on independently evolved sex
chromosomes indicates that various repeated DNAs may
follow very different “trajectories” on sex chromosomes
in different lineages [32,33].
How is recombination suppressed? The accumulation of
repetitive DNAs on the sex chromosomes may be both the
cause, as well as the consequence of the recombination
suppression. When the sex chromosomes stop their re-
combination, repetitive sequences are predicted to accu-
mulate rapidly and this phenomenon may precede gene
degeneration. Accumulated repetitive sequences may ex-
plain why the young Y chromosomes found in Drosophila
and in some plants, are often larger than the X chromo-
somes [4,5]. However, the accumulation of repetitive
DNAs on sex chromosomes cannot be taken as direct evi-
dence for degeneration, as the accumulation does not
automatically lead to gene loss. Studies conducted on
some model species can reveal if the process of sex chro-
mosomes evolution is, in fact, more dynamic than trad-
itionally appreciated, helping us understanding how sex
chromosomes become non-recombining, and the evolu-
tionary transition from homologous to heteromorphic sex
chromosomes.
The process of repetitive DNA accumulation probably
represents the earliest events working on evolving sex-
specific chromosomes before genes start to degenerate
[34,35]. In this way, the W chromosome of L. reinhardti
differ from that of T. auritus in the amount of accumu-
lated DNA repeats, making it greater than the Z
chromosome and, consequently, with a not degeneration
in size. In this first species, the microsatellite repeats are
the main class accumulated on the W chromosome,
while in T. auritus such accumulation was no longer so
prominent. Thus, in this latter species, other repeated
DNA families may occupy this niche, representing themain component of the W chromosome heterochroma-
tin, linked to its clear size reduction. In fact, large fam-
ilies of satellite DNAs can constitute the main
component of the heterochromatin of the sex chromo-
somes, as found in birds and mammals [35-38], or even
among fish, as appears to occur in T. auritus. Thus,
microsatellite repeats seem to play a key role in the sex-
specific chromosome differentiation, suggesting that they
could be an early colonizer of sex chromosomes.
Conclusions
The present data highlight that the evolution of the sex
chromosomes can diverge even in the same type of sex
system. In L. reinhardti and several other species of this
same genus, as well as in the Parodontidae and Prochilo-
dontidae families [39], the W chromosome notably
increased in size compared to the Z chromosome. In
contrast, in T. auritus, as well as in other species of this
same genus or in the Crenuchidae family [39], the W
chromosome behaves similarly as in higher vertebrates,
showing size degeneration/shrinkage.
In both models, it is clear the close relationship be-
tween the differentiation of the W chromosome and its
huge heterochromatinization. However, remains un-
answered if there are cytological limitations involving the
processes of growing or degeneration of the sex chromo-
somes. It’s not clear if the crescent accumulation of re-
petitive sequences in young sex chromosomes is
necessarily followed by degeneration as commonly
observed in higher vertebrates. In this sense, the accu-
mulation or loss of repetitive sequences might have
implications more than only quantitative. Could the des-
tiny of the sex-specific chromosome follow alternative
patterns, i.e. not necessarily being degenerated in size as
commonly found in some groups? This question, how-
ever, only time and the evolution will tell us.
Methods
Specimens, mitotic chromosome preparation,
chromosome staining, and karyotyping
Twelve females of L. reinhardti and fifteen females of T.
auritus were collected from the São Francisco River
(Minas Gerais State, Brazil) and Rio Negro River
(Amazonas State, Brazil), respectively. Mitotic chromo-
somes were obtained from cell suspensions of the anter-
ior kidney using the conventional air-drying method
[40]. The experiments followed ethical protocols and
anesthesia was administered prior to sacrificing the ani-
mals, according to the instructions of the local Ethical
Committee. Chromosomes were sequentially Giemsa
stained and C-banded using barium hydroxide [41] to
detect the C-positive heterochromatin. Images were cap-
tured by an Olympus DP71 digital camera system
(Olympus Corporation, Ishikawa, Japan) using the
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Cybernetics, Silver Spring, MD, USA), coupled to an
Olympus BX50 microscope (Olympus Corporation, Ishi-
kawa, Japan). The chromosomes were classified as meta-
centric (m), submetacentric (sm), subtelocentric (st) or
acrocentric (a) according to the arm ratios [42], and
arranged in decreasing order of size in the karyotype.
Fluorescence in situ hybridization of repetitive DNAs on
mitotic spreads
Nine repetitive DNA sequences were used as probes, in-
cluding an 18S rDNA gene and eight microsatellite
repeats. The 18S rDNA probe corresponded to a
1400 bp-segment of the 18S rRNA gene, obtained via
PCR from nuclear DNA, previously cloned into plasmid
vectors and propagated in Escherichia coli DH5α [43].
This probe was labeled with digoxigenin-11-dUTP by nick
translation, following the manufacturer’s instructions (Bio-
nick Labeling System, Invitrogen). Fluorescence in situ
hybridization (FISH) was performed according to [44] and
the detection of the 18S rDNA hybridization signals were
performed using anti-digoxigenin-fluorescein (Roche,
Mannheim, Germany). FISH experiments with the micro-
satellite probes were performed as described in [32], with
slight modifications. We used the following labeled oligo-
nucleotides as probes: d(A)30, d(C)30, d(CA)15, d(GA)15, d
(GC)15, d(TA)15, d(CAT)10, d(CAG)10. These sequences
were directly labeled with Cy3 at 5´ terminal during syn-
thesis by Sigma (St. Louis, MO, USA). The chromosomes
were counterstained with DAPI (1.2 μg/ml), mounted in
antifade solution (Vector, Burlingame, CA, USA), and ana-
lyzed in an epifluorescence microscope Olympus BX50
(Olympus Corporation, Ishikawa, Japan).
Abbreviations
2n: Diploid number; A: Acrocentric chromosome; DAPI 4': 6-diamidino-2-
phenylindole; dATP 2': Deoxyadenosine triphosphate; FISH: Fluorescence in
situ hybridization; M: Metacentric chromosome; PCR: Polymerase chain
reaction; rDNA: Ribosomal DNA; rRNA: Ribosomal RNA; sm: Submetacentric
chromosome; st: Subtelocentric chromosome; TEs: Transposable elements.
Competing interests
The authors declare that they have no competing interests
Authors’ contributions
MBC coordinated the study, carried out the molecular cytogenetic analysis,
and drafted the manuscript. JP and VM carried out the conventional and
molecular cytogenetic analysis and drafted the manuscript. EK, DD and WFM
helped in analysis and drafted the manuscript. LACB drafted and revised the
manuscript. All authors read and approved the final version of the
manuscript.
Acknowledgements
This work was supported by the Brazilian agencies FAPESP (Fundação de
Amparo à Pesquisa do Estado de São Paulo), CNPq (Conselho Nacional de
Desenvolvimento Científico e Tecnológico), CAPES (Coordenação de
Aperfeiçoamento de Pessoal de Nível Superior), by the Grant Agency of the
Czech Republic (grants P305/10/0930, P501/12/2220 and P501/12/G090), and
by the project “CEITEC - Central European Institute of Technology” (CZ.1.05/
1.1.00/02.0068) from European Regional Development Fund.Author details
1Departamento de Genética e Evolução, Universidade Federal de São Carlos,
São Carlos, SP, Brazil. 2Department of Plant Developmental Genetics, Institute
of Biophysics ASCR, Brno, Czech Republic. 3Laboratory of Genome Dynamics,
CEITEC - Central European Institute of Technology, Masaryk University, Brno,
Czech Republic. 4Departamento de Biologia Celular e Genética, Centro de
Biociências, Universidade Federal do Rio Grande do Norte, Natal, RN, Brazil.
5Departamento de Ciências Biológicas, Universidade Estadual do Sudoeste da
Bahia, Jequié, BA, Brazil.
Received: 17 April 2012 Accepted: 3 May 2012
Published: 1 June 2012
References
1. Nanda I, Volff JN, Weis S, Körting C, Froschauer A, Schimd M, Schartl M:
Amplification of a long terminal repeat-like element on the Y
chromosome of the platyfish, Xiphophorus maculates. Chromosoma 2000,
109:173–180.
2. Kondo M, Nanda I, Hornung U, Schmid M, Schartl M: Evolutionary origin of
the medaka Y chromosome. Curr Biol 2004, 14:1664–1669.
3. Peichel CL, Ross JA, Matson CK, Dickson M, Grimwood J, Schmutz J: The
master sex-determination locus in three spine sticklebacks is on a
nascent Y chromosome. Curr Biol 2004, 14:1416–1424.
4. Filatov DA, Moneger F, Negrutiu I, Charlesworth D: Low variability in a
Y-linked plant gene and its implications for Y-chromosome evolution.
Nature 2000, 404:388–390.
5. Charlesworth D, Charlesworth B, Marais G: Steps in the evolution of
heteromorphic sex chromosomes. Heredity 2005, 95:118–128.
6. Ezaz T, Sarre SD, O’Meally D, Marshall Graves JA, Georges A: Sex
chromosome evolution in lizards: Independent origins and rapid
transitions. Cytogenet Genome Res 2009, 127:249–260.
7. Kejnovsky E, Hobza R, Kubat Z, Cermak T, Vyskot B: The role of repetitive
DNA in structure and evolution of sex chromosomes in plants. Heredity
2009, 102:533–541.
8. Cioffi MB, Bertollo LAC: Initial steps in XY chromosome differentiation in
Hoplias malabaricus and the origin of an X1X2Y sex chromosome system
in this fish group. Heredity 2010, 105:554–561.
9. Charlesworth B, Snlegowski P, Stephan W: The evolutionary dynamics of
repetitive DNA in eukaryotes. Nature 1994, 371:215–220.
10. Jurka J, Kapitonov VV, Pavlicek A, Klonowski P, Kohany O, Walichiewicz J:
Repbase update, a database of eukaryotic repetitive elements. Cytogenet
Genome Res 2005, 110:462–467.
11. Schueler MG, Higgins AW, Rudd MK, Gustashaw K, Willard H: Genomic and
genetic definition of a functional human centromere. Science 2001,
294:109–115.
12. Biémont C, Vieira C: Junk DNA as an evolutionary force. Nature 2006,
443:521–524.
13. Graves JAM: The rise and fall of SRY. Trends Genet 2002, 18:259–264.
14. Matsuda M: Sex determination in the teleost medaka, Oryzias latipes.
Annu Rev Genet 2005, 39:293–307.
15. Galetti PM Jr, Foresti F, Bertollo LAC, Moreira Filho O: Heteromorphic sex
chromosomes in three species of the genus Leporinus (Pisces,
Anostomidae). Cytogenet Cell Genet 1981, 29:138–142.
16. Galetti PM Jr, Foresti F: Evolution of the ZZ/ZW system in Leporinus
(Pisces, Anostomidae). Role of constitutive heterochromatin. Cytogenet
Cell Genet 1986, 43:43–46.
17. Galetti PM Jr, Lima NRW, Venere PC: A monophyletic ZW sex chromosome
system in Leporinus (Anostomidae, Characiformes). Cytologia 1995,
60:375–382.
18. Koehler MR, Dehm D, Guttenbach M, Nanda I, Haaf T, Molina WF, Galetti PM
Jr: Cytogenetics of the genus Leporinus (Pisces, Anostomidae). Karyotype
analysis, heterochromatin distribution, and sex chromosomes.
Chromosome Res 1997, 5:12–22.
19. Molina WF, Schmid M, Galetti PM Jr: Heterochromatin and sex
chromosomes in the Neotropical fish genus Leporinus (Characiformes,
Anostomidae). Cytobios 1998, 94:141–149.
20. Molina WF, Margarido VP, Galetti PM Jr: Natural triploidy in Leporinus cf.
elongatus bearing sex chromosomes. Genet Mol Biol 2007, 30:567–569.
21. Bertollo LAC, Cavallaro ZI: A highly differentiated ZZ/ZW sex chromosome
system in a Characidae fish Triportheus guentheri. Cytogenet Cell Genet
1992, 60:60–63.
Cioffi et al. Molecular Cytogenetics 2012, 5:28 Page 7 of 7
http://www.molecularcytogenetics.org/content/5/1/2822. Artoni RF, Falcão JN, Moreira-Filho O, Bertollo LAC: An uncommon
condition for a sex chromosome system in Characidae fish. Distribution
and differentiation of the ZZ/ZW system in Triportheus. Chromosome Res
2001, 9:449–456.
23. Artoni RF, Bertollo LAC: Evolutionary aspects of the ZZ/ZW sex
chromosome system in the Characidae fish, genus Triportheus A
monophyletic state and NOR. Heredity 2002, 89:15–19.
24. Diniz D, Laudicina A, Cioffi MB, Bertollo LAC: Microdissection and whole
chromosome painting. Improving sex chromosome analysis in
Triportheus (Teleostei, Characiformes). Cytogenet Genome Res 2008,
122:163–168.
25. Nakayama I, Foresti F, Tewari R, Schartl M, Chourrout D: Sex chromosome
polymorphism and heterogametic males revealed by two cloned DNA
probes in the ZW/ZZ fish Leporinus elongatus. Chromosoma 1994,
103:31–39.
26. Parise-Maltempi PP, Martins C, Oliveira C, Foresti F: Identification 1 of a new
repetitive element in the sex chromosomes of Leporinus elongatus
(Teleostei: Characiformes: Anostomidae): new insights into the sex
chromosomes of Leporinus. Cytogenet Genome Res 2007, 116:218–223.
27. Diniz D, Laudicina A, Bertollo LAC: Chromosomal location of 18 S and 5 S
rDNA sites in Triportheus fish species (Characiformes, Characidae). Genet
Mol Biol 2009, 32:37–41.
28. Reed KM, Phillips RB: Polymorphism of the nucleolus organizer region
(NOR) on the putative sex chromosomes of Arctic char (Salvelinus
alpinus) is not sex related. Chromosome Res 1997, 5(4):221–227.
29. Howell WM, Black DA: Location of the nucleolus organizer regions on the
sex chromosome of the banded killifish Fundulus diaphanous. Copeia
1979, :544–546.
30. Born GG, Bertollo LAC: An XX/XY sex chromosome system in a fish
species, Hoplias malabaricus, with a polymorphic NOR-bearing X
chromosome. Chromosome Res 2000, 8:111–118.
31. Cioffi MB, Martins C, Rebordinos L, Vicari MR, Bertollo LAC: Differentiation of
the XX/XY sex chromosome system in the fish Hoplias malabaricus:
Unusual accumulation of repetitive sequences on the X chromosome.
Sex Dev 2010, 4:176–185.
32. Kubat Z, Hobza R, Vyskot B, Kejnovsky E: Microsatellite accumulation in the
Y chromosome of Silene Latifolia. Genome 2008, 51:350–356.
33. Pokorná M, Giovannotti M, Kratochvíl L, Kasai F, Trifonov VA, O'Brien PC,
Caputo V, Olmo E, Ferguson-Smith MA, Rens W: Strong conservation of the
bird Z chromosome in reptilian genomes is revealed by comparative
painting despite 275 million years divergence. Chromosoma 2011,
120:455–468.
34. Marais GAB, Nicolas M, Bergero R, Chambrier P, Kejnovsky E, Moneger F,
Hobza R, Widmer A, Charlesworth D: Evidence for degeneration of the Y
chromosome in the dioecious plant Silene latifolia. Curr Biol 2008, 18:1–5.
35. Steinemann S, Steinemann M: Y chromosomes: born to be destroyed.
BioEssays 2005, 27:1076–1083.
36. Itoh Y, Kampf K, Arnold A: Molecular cloning of zebra finch W
chromosome repetitive sequences: evolution of the avian W
chromosome. Chromosoma 2008, 117:111–121.
37. Berlin S, Ellegren H: Fast accumulation of nonsynonymous mutations on
the female-specific W chromosome in birds. J Mol Evol 2006, 62(1):66–72.
38. Rice WR: Evolution of the Y sex chromosome in animals. Biosci 1996,
46:331–343.
39. Cioffi MB, Moreira Filho O, Almeida-Toledo LF, Bertollo LAC: The contrasting
role of heterochromatin in the differentiation of sex chromosomes: an
overview from Neotropical fish. Journal of Fish Biology, . In press.
40. Bertollo LAC, Takahashi CS, Moreira-Filho O: Cytotaxonomic considerations
on Hoplias lacerdae (Pisces, Erythrinidae). Brazil J Genet 1978, 1:103–120.
41. Sumner AT: A simple technique for demonstrating centromeric
heterochromatin. Exp Cell Res 1972, 75:304–306.
42. Levan A, Fredga K, Sandberg AA: Nomenclature for centromeric position
on chromosomes. Hereditas 1964, 52:201–220.
43. Cioffi MB, Martins C, Centofante L, Jacobina U, Bertollo LAC: Chromosomal
variability among allopatric populations of Erythrinidae fish Hoplias
malabaricus: Mapping of three classes of repetitive DNAs. Cytogenet
Genome Res 2009, 125:132–141.
44. Pinkel D, Straume T, Gray J: Cytogenetic analysis using quantitative, high
sensitivity, fluorescence hybridization. Proc Natl Acad Sci USA 1986,
83:2934–2938.doi:10.1186/1755-8166-5-28
Cite this article as: Cioffi et al.: The key role of repeated DNAs in sex
chromosome evolution in two fish species with ZW sex chromosome
system. Molecular Cytogenetics 2012 5:28.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
